HopAF1 is a type III effector protein of unknown function encoded in the genomes of several strains of Pseudomonas syringae and other plant pathogens. Structural modeling predicted that HopAF1 is closely related to deamidase proteins. Deamidation is the irreversible substitution of an amide group with a carboxylate group. Several bacterial virulence factors are deamidases that manipulate the activity of specific host protein substrates. We identified Arabidopsis methylthioadenosine nucleosidase proteins MTN1 and MTN2 as putative targets of HopAF1 deamidation. MTNs are enzymes in the Yang cycle, which is essential for the high levels of ethylene biosynthesis in Arabidopsis. We hypothesized that HopAF1 inhibits the host defense response by manipulating MTN activity and consequently ethylene levels. We determined that bacterially delivered HopAF1 inhibits ethylene biosynthesis induced by pathogenassociated molecular patterns and that Arabidopsis mtn1 mtn2 mutant plants phenocopy the effect of HopAF1. Furthermore, we identified two conserved asparagines in MTN1 and MTN2 from Arabidopsis that confer loss of function phenotypes when deamidated via site-specific mutation. These residues are potential targets of HopAF1 deamidation. HopAF1-mediated manipulation of Yang cycle MTN proteins is likely an evolutionarily conserved mechanism whereby HopAF1 orthologs from multiple plant pathogens contribute to disease in a large variety of plant hosts. 
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Pseudomonas syringae | type III effectors | ethylene | Yang cycle | plant immune system T he Gram-negative bacterium Pseudomonas syringae causes disease in agronomically important crops such as tomatoes, tobacco, and beans and in the model plant Arabidopsis thaliana. P. syringae uses the type III secretion system to inject type III effector (T3E) proteins into the host to cause disease in plants (1) . P. syringae mutants lacking the type III secretion system lack the ability to cause disease in hosts, demonstrating that the type III secretion system is a primary virulence determinant (2) .
The immune response that plants use to protect themselves against pathogens consists of multiple layers. The first line of defense, often called "PAMP-triggered immunity" (PTI), begins with transmembrane pattern recognition receptors (PRRs) perceiving conserved molecular patterns from pathogens called "pathogen-associated molecular patterns" (PAMPs). Because these microbial signatures are not limited to pathogenic microbes, they also are referred to as "microbial-associated molecular patterns" (MAMPs) (3, 4) . Commonly studied bacterial PAMPs/MAMPs are lipopolysaccharide, peptidoglycan, elongation factor Tu (EF-Tu), and flagellin (4) . A 22-aa peptide derived from a conserved region of the N terminus of bacterial flagellin (flg22), FLS2, is sufficient for recognition by host PRRs (5, 6) . Recognition of flg22 leads to a downstream signaling cascade that includes many components, such as an increase in callose deposition, up-regulation of defense gene expression, and an increase in ethylene biosynthesis (7-9).
T3Es from plant bacterial pathogens promote virulence. T3Es commonly contain sequences addressing specific eukaryotic subcellular localizations (10, 11) and enzymatic activities (12) (13) (14) (15) (16) (17) that disrupt and/or suppress PTI. Known targets of T3Es include plasma membrane-localized receptor complexes (13, (18) (19) (20) (21) (22) (23) , downstream MAPK cascades (24, 25) , the stability of defenserelated transcripts (26) , phytoalexin biosynthesis (27) , and vesicle trafficking (28) .
To overcome effector-mediated suppression of PTI, plants evolved an intracellular surveillance system. Plants deploy highly polymorphic intracellular receptors often referred to as "NB-LRR" or "NLR" proteins, named for their domain architecture, to detect effectors from a wide variety of plant pathogens. Specific NLR proteins are activated either by direct recognition of a specific effector or by indirect recognition of the action of an effector on a specific host protein. Either recognition mode leads to effectortriggered immunity, considered to be an amplified form of PTI that often includes a localized programmed cell-death response called the "hypersensitivity response" (HR) (29, 30) .
Plant hormones are also key modulators of the host immune response. Significant cross-talk between the three main defense hormones in plants, salicylic acid, jasmonic acid, and gaseous
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Pseudomonas syringae is a Gram-negative bacterium that uses a type III secretion system to inject type III effector (T3E) proteins into the host to cause disease in plants. Multiple P. syringae T3Es promote virulence by targeting immune system signaling pathways using diverse biochemical mechanisms. We provide evidence for a molecular function of the P. syringae T3E HopAF1. We demonstrate that the C-terminal region of HopAF1 has structural homology to deamidases. We demonstrate that an enzyme important for production of the gaseous signaling hormone ethylene is a target for HopAF1 and show that HopAF1 targets methylthioadenosine nucleosidase proteins MTN1 and MTN2 to dampen ethylene production during bacterial infection.
ethylene, allows the plant to regulate its response to various classes of pathogens and herbivores (31) .
Insights into T3E function have benefited from a combination of structural modeling and protein-protein screens to identify possible host targets and effects on host physiology. We found that the previously unstudied P. syringae T3E HopAF1 impacts host ethylene biosynthesis. The precise role of ethylene signaling and biosynthesis in the PTI response is debated, but T3Es are known to modulate plant ethylene responses (32, 33) .
HopAF1 was identified as a T3E in P. syringae pv. tomato DC3000 (Pto DC3000) and P. syringae pv. phaseolicola 1448A race 6 via its HrpL-dependent transcriptional induction, a loosely defined N-terminal translocation signal sequence, and its ability to be translocated into plant cells via a type III secretion system (34) . HopAF1 is widely distributed, and its presence has been confirmed in 11 of 19 strains of pathogenic P. syringae (35) . There also are HopAF1 orthologs in other plant pathogens, such as AvrXv3 from Xanthomonas campestris pv. euvesicatoria (36, 37) , Ralstonia solanacearum, and Pseudomonas savastoni and Aave_1373 from Acidovorax citrulli (38) . The presence of HopAF1 in multiple strains of P. syringae and other plant pathogens suggests it plays an important role in virulence.
Here, we demonstrate that the C-terminal region of HopAF1 is predicted to have structural homology to bacterial deamidases, members of the papain-like superfamily (39) , and contains conserved putative catalytic residues within the predicted fold. HopAF1 inhibits PTI responses in a manner dependent on the putative catalytic residues. Further, we show that HopAF1 interacts with the Arabidopsis methylthioadenosine nucleosidases MTN1 and MTN2 at the plant plasma membrane. MTNs are proteins in the Yang cycle, which is required for recycling methionine to support de novo ethylene biosynthesis. We demonstrate that the Yang cycle is required for the high levels of ethylene biosynthesis during pathogen attack. HopAF1 inhibits the PAMP-induced increase in ethylene biosynthesis. The Yang cycle is required for PTI-induced ethylene biosynthesis, and mutants in Yang cycle enzymes phenocopy the effect of HopAF1 delivery from P. syringae. Finally, we identified deamidationmimicking variants in MTN1 and MTN2 that result in the loss of MTN activity. We propose a model in which HopAF1 deamidation of Arabidopsis MTNs results in the inhibition of the Yang cycle, and therefore ethylene biosynthesis, during the PAMP-induced defense response.
Results

Evidence for Three Gene-Duplication Events in HopAF1 Evolutionary
History. We searched the Integrated Microbial Genomes (IMG) database (40) for HopAF1 homologs and found them in 148 sequenced bacterial genomes: 106 Pseudomonas, 36 Xanthomonas, four Ralstonia, and two Acidovorax genomes. They are found in two copies in 11 Xanthomonas and 21 Pseudomonas genomes.
Phylogenetic analysis (Fig. S1 A and B) clustered these homologs into three main groups, likely the consequence of two early duplication events. The first group includes the canonical HopAF1 gene and is present in Xanthomonas, Pseudomonas, and Ralstonia; the second group, which includes AvrXv3, is present in Xanthomonas, Pseudomonas, and Acidovorax; and the third group is exclusive to Xanthomonas. The three groups are found in all possible combinations of single and double copies in Xanthomonas genomes (Fig. S1C) , with no apparent phylogenetic signal. The topology of the tree can be explained by two competing parsimonious models: that HopAF1 evolved and duplicated in Xanthomonas, wherein the majority of its diversity is represented, and was transferred horizontally to Pseudomonas, Ralstonia, and Acidovorax (model A), or that HopAF1 evolved and duplicated in a β-γ proteobacterial common ancestor and since then has been subject to reductive evolution eliminating most copies of the gene (model B).
A third, more recent duplication event likely took place within the canonical HopAF1 group in Pseudomonads. Both copies were retained in 13 of the genomes; the rest retained either one or the other copy (Fig. S1C) . Interestingly, two P. syringae pathovars (pv. pisi and pv. mori) contain an AvrXv3 type gene in addition to a HopAF1 copy. The presence of this AvrXv3 type gene in these Pseudomonas pathovars can be seen either as evidence supporting the reductive evolution model (model B above) or as evidence for a separate horizontal gene-transfer event resulting in the transfer of the gene from Xanthomonas to Pseudomonads.
HopAF1 Contains a Putative C-Terminal Catalytic Domain. We used the BioInfoBank meta server and HHPred structural prediction programs to generate a model of the structure of HopAF1 from Pto DC3000 (41, 42) . Homology searches predicted with high confidence that the C-terminal region (residues 130-284) of HopAF1 from Pto DC3000 is structurally related to CheD, a single-domain chemotaxis protein from Thermotoga maritima (Fig. 1A) (43) .
We also generated a structural model for the divergent HopAF1 family member, AvrXv3 from X. campestris pv. euvesicatoria, which triggers the HR in tomatoes and peppers (36) . Although HopAF1 and AvrXv3 are only 27% identical at the primary amino acid sequence level, modeling predicts that AvrXv3 also has structural homology to CheD (Fig. S2A ). All known HopAF1 family members, except for the C-terminally truncated P. syringae pv. actinidae allele, contain predicted secondary structure elements homologous to CheD in these models (Fig. S2B) .
CheD is a deamidase protein that activates methyl-accepting chemotaxis proteins (43) . CheD is structurally related to the cytotoxic necrotizing factor family of bacterial deamidases (44, 45) . Deamidation is a posttranslational modification used by multiple bacterial virulence factors to modify the function of eukaryotic host target proteins (39) . Deamidation results in irreversible conversion of asparagine and glutamine residues to aspartic acid and glutamic acid, respectively. Bacterial deamidases require conserved histidine and cysteine residues for catalytic activity. Our modeling suggested that the C-terminal regions of both HopAF1 and AvrXv3 likely adopt a fold in which the positions of invariant catalytic residues for deamidation, cysteine and histidine, are conserved ( Fig. 1A and Fig. S2A ). These two residues are maintained in all known HopAF1 orthologs (Fig. S2C) . Therefore, we predicted that these residues are critical for HopAF1 enzymatic function.
A third catalytic residue in deamidases coordinates the imidazole ring of histidine to ensure optimal orientation of the thiolateimidazolium pair (39) . We hypothesized that HopAF1 D154 may be involved in catalytic activity ( Fig. 1 and Fig. S2C ). Because of the limitations of structural modeling, the exact position of HopAF1 D154 cannot be confidently predicted. Therefore, we focused on the putative HopAF1 catalytic residues, C159 and H186.
HopAF1 Inhibits flg22-Induced Pathogen Growth Restriction, and This Inhibition Requires Its Putative Catalytic Residues. To determine if HopAF1 plays a role in virulence, we obtained a Pto DC3000 strain in which the hopAF1 gene has been disrupted (46) . We did not observe a significant growth defect in Pto DC3000ΔhopAF1 (Fig. S3A) . The lack of effect for a single T3E knockout is a common result for this strain and suggests functional redundancy. We next tested whether HopAF1 could enhance the growth of a weak pathogen. To do so, we generated estradiol-inducible HopAF1 transgenic Arabidopsis ecotype Col-0 plants expressing either wildtype HopAF1 or a double mutant in both the C159 and H186 putative catalytic residues (HopAF1 C159AH186A ). Conditional expression of wild-type HopAF1 and HopAF1 C159AH186A was evident 6 h after estradiol induction and was maintained for 48 h (Fig. S3B) .
The removal of 28 T3Es by sequential mutagenesis from Pto DC3000 transformed this virulent strain into a weakly pathogenic derivative called "Pto DC3000D28E" that stimulates PTI effectively (47) . To determine if HopAF1 inhibits PTI, we measured the growth of Pto DC3000D28E in the HopAF1 and HopAF1 C159AH186A transgenic lines 24 h after the induction of HopAF1 expression by estradiol treatment. We observed enhanced growth of Pto DC3000D28E in HopAF1-expressing transgenic lines compared with Col-0 plants, demonstrating that conditional HopAF1 expression allowed the enhanced growth of a weak pathogen when overexpressed in planta ( Fig. 1B and Fig.  S3C ). The increase in bacterial growth in HopAF1 transgenic lines correlated with an increase in disease symptoms (Fig. S3D ). The growth of Pto DC3000D28E in transgenic lines expressing the putative catalytic dead HopAF1 was similar to that in Col-0 plants (Fig. 1B) , indicating that the increased host susceptibility in the HopAF1 transgenic lines requires the putative catalytic residues of HopAF1.
Pretreatment of Arabidopsis plants with flg22 diminishes susceptibility to subsequent infection with virulent pathogens such as Pto DC3000 (48). We examined flg22-induced disease resistance in Col-0 plants and in the HopAF1 transgenic lines to determine whether HopAF1 expression inhibits PTI. As expected, we observed reduced growth of Pto DC3000 on Col-0 plants treated with flg22 compared with water-treated plants at 3 d after treatment (Fig. 1C ). This effect was suppressed in transgenic Col-0 plants expressing HopAF1 but not in transgenic Col-0 plants expressing HopAF1 C159AH186A ( Fig. 1C and Fig. S3E ). We conclude that the expression of HopAF1 in planta suppresses PTI signaling induced by either Pto DC3000D28E or flg22 in a manner dependent on its putative catalytic residues.
HR Triggered by AvrXv3 in Tomato Is also Dependent on its Putative
Catalytic Residues. AvrXv3 is recognized by, and elicits an HR in, tomato cultivar Florida 216 (Fla 216) but not tomato cultivar Florida 7060 (Fla 7060) (36) . To determine if the putative catalytic residues of AvrXv3 are required for host recognition and the HR, we generated clones that allowed the constitutive overexpression of wild-type AvrXv3 and the AvrXv3 putative catalytic residue mutant, AvrXv3 H126A , with a C-terminal myc tag. We transiently expressed wild-type and mutant AvrXv3 in both tomato cultivars via Agrobacterium-mediated transfer DNA (T-DNA), measured their expression by immunoblot, and scored for the HR. Wild-type AvrXv3, but not AvrXv3 H126A , triggered the HR on Fla 216 (Fig.  S4A ). All proteins were expressed (Fig. S4B ). These data suggest that the recognition of AvrXv3 in tomato requires H126 and further support the importance of the predicted catalytic activity in the HopAF1 T3E family.
HopAF1 Is Targeted to the Plasma Membrane via Acylation. The N termini of multiple HopAF1 orthologs contain putative sites for myristoylation (G2) and palmitoylation (C4) (Fig. S2C ). Myristoylation is a eukaryotic-specific posttranslational modification that often is used in combination with palmitoylation to target proteins to the plasma membrane (49) . Multiple P. syringae T3Es acylated and localized to the plasma membrane once delivered into plant cell by the type III secretion system (50) (51) (52) (53) (54) .
We predicted that HopAF1 G2 and C4 motifs are required to target HopAF1 to the plasma membrane. To investigate this prediction, we generated a HopAF1 variant with mutations in the key residues, HopAF1 G2AC4S . We predicted that AvrXv3, which lacks the putative acylation sequence, would localize to the cytoplasm (Fig. S2C ). We used confocal microscopy to detect transiently expressed estradiol-inducible HopAF1 and AvrXv3 in Nicotiana benthamiana. Both proteins were tagged on the C terminus with a cerulean-HA tag. We generated a plasma membrane marker, PLC2-YFP, as a localization control (55) . Wild-type HopAF1-cerulean-HA colocalized at the plasma membrane with PLC2-YFP ( Fig. 2A) . In contrast, the acylation minus variant, HopAF1 G2AC4S -cerulean-HA, was localized to the plant cell cytoplasm ( Fig. 2A) . This cytoplasmic localization pattern overlapped with free YFP, a marker for nucleocytoplasmic-localized proteins (Fig. S5A) . Wild-type AvrXv3 also was observed in the cytoplasm ( Fig. 2A) . Both HopAF1 H186A and AvrXv3 H126A localized as their respective wild-type proteins, suggesting that the putative catalytic activity of these HopAF1 orthologs is not required for their subcellular localization ( Fig. 2A) .
To confirm the confocal data, we performed cell fractionation assays with N. benthamiana tissues transiently expressing the constructs described above. We used ascorbate peroxidase (APX) and H + -ATPase as markers for the soluble and membrane fractions, respectively, and as confirmation that the separation of the fractions was complete. We detected wild-type HopAF1 in the microsomal fraction, which contains the plasma membrane, but the acylation minus variant HopAF1 G2AC4S -cerulean-HA was found solely in the soluble fraction (Fig. S5B) . AvrXv3 also was present in the soluble fraction. Catalytically inactive HopAF1 H186A and AvrXv3 H126A remained localized to the plasma membrane and soluble fraction, respectively (Fig. S5B) . To diminish the chance of aberrant protein localization, we determined the lowest amount of Agrobacterium and estradiol necessary to detect HopAF1 via immunoblot (Fig. S5C) . We also confirmed that we were assaying the localization of full-length HopAF1-cerulean-HA and that no band migrating at the expected apparent molecular weight of free soluble cerulean was present (Fig. S5D) . We conclude that HopAF1 is targeted to the plant plasma membrane via the acylation signal sequence and that mutation of the putative catalytic residues does not affect this localization, even though HopAF1 H186A has a virulence defect.
HopAF1 Associates with Arabidopsis MTN Proteins at the Plasma Membrane. We previously identified and confirmed Arabidopsis methylthioadenosine nucleosidase (MTN1; At4g38800) as a protein Estradiol-inducible HopAF1-cerulean-HA, HopAF1 G2AC4S -cerulean-HA, HopAF1 H186A -cerulean-HA, AvrXv3-cerulean-HA, and AvrXv3 H126A -cerulean HA were expressed transiently in N. benthamiana using Agrobacterium-mediated transient transformations. Transgene expression was induced with 5 μM estradiol 3 d after bacterial infiltration. The localization of transiently expressed proteins was determined with scanning confocal laser microscopy 3 h after estradiol induction in N. benthamiana epidermal cells. PLC2-YFP is a marker for the plasma membrane localization. White arrows indicate the plasma membrane (PM), cytoplasmic streaming (CS), and nuclei (N). The zoomed images display only the cerulean channel. (Scale bars, 20 μm.) (B) Protein extracts from N. benthamiana leaves transiently expressing HopAF1-4x-myc, HopAF1 H186A -4x-myc, MTN1-HA, and MTN2-HA were collected 3 d after infiltration and were subjected to immunoprecipitation using anti-myc-coupled magnetic beads; 400 μg of input and a 50× concentrated elution fraction were analyzed by anti-HA and anti-myc immunoblots. (C) HopAF1-nYFP, HopAF1 H186A -nYFP, and HopAF1 G2AC4S -nYFP were transiently coexpressed with MTN1-cYFP, MTN2-cYFP, and PLC2-cYFP in N. benthamiana leaves using Agrobacterium-mediated transient transformation. Confocal microscopy was used to image the reconstituted YFP signal 3 d after infiltration. (Scale bars, 50 μm.) that interacts with HopAF1 in a yeast two-hybrid screen (56) . MTNs function in the methionine recycling pathway, also known as the "Yang cycle" (57) . In Arabidopsis, two proteins, MTN1 and MTN2 (67% identical), are responsible for MTN activity (58) . The Yang cycle regenerates methionine required to maintain high levels of ethylene biosynthesis when steady-state levels of methionine are limiting (Fig. S6A) (59) . Therefore, we hypothesized that the Yang cycle, and MTN1 and MTN2, would be required for the PTI-triggered induction of ethylene biosynthesis and that disrupting the function of the Arabidopsis MTNs would dampen ethylene biosynthesis induced during PTI. Additionally, we predicted that the function of HopAF1 in virulence is to inhibit MTN function and block ethylene-dependent PTI.
To confirm the interaction of HopAF1 with MTN1 and MTN2, we performed coimmunoprecipitation studies in N. benthamiana leaves. We transiently coexpressed C-terminally myc-tagged HopAF1-myc with MTN1-HA or MTN2-HA. The cell lysates were incubated with anti-myc-conjugated beads. Bound MTN proteins then were detected with anti-HA immunoblots. We found that both MTN1-HA and MTN2-HA interacted with HopAF1-myc and that this binding did not require the HopAF1 putative catalytic residue, H186 (Fig. 2B) . We conclude that HopAF1 interacts with Arabidopsis proteins MTN1 and MTN2 when transiently overexpressed in N. benthamiana.
Next we sought to determine where MTN1 and MTN2 localize within the plant cell. Cell fractionation and microscopy studies demonstrated that, when overexpressed, MTN1 and MTN2 can be found in the cytoplasm and at the plasma membrane of N. benthamiana epidermal cells (Fig. S6 B and C) (60) . We investigated these potentially different localizations of HopAF1 and Arabidopsis MTNs using bimolecular fluorescence complementation (BiFC) experiments (61) . We generated constructs with MTN1 and MTN2 fused at their C termini to the C-terminal half of YFP (MTN1-cYFP and MTN2-cYFP). HopAF1 variants were fused at the C terminus to the N-terminal half of YFP (HopAF1-nYFP). As a negative control, we assayed whether HopAF1-nYFP associated with PLC2-cYFP, a plasma membrane marker (55) . Reconstitution of YFP, resulting in a fluorescent signal emitting light at 514 nm, occurred at the plasma membrane when wild-type HopAF1-nYFP was coexpressed in N. benthamiana cells with either MTN1-cYFP or MTN2-cYFP (Fig. 2C) . However, there was no reconstitution of YFP when HopAF1-nYFP was coexpressed with PLC2-cYFP (Fig. 2C) . Reconstitution at the plasma membrane was not dependent on the putative catalytic activity of HopAF1 (Fig. 2C) . As is consistent with the presence of Arabidopsis MTNs in the cytoplasmic fraction ( Fig. S6 A and B) , the acylation minus HopAF1 G2AC4S -nYFP variant coexpressed with MTN1-cYFP or MTN2-cYFP reconstituted the YFP signal but did so in the cytoplasm (Fig. 2C) . We conclude that wild-type HopAF1 and Arabidopsis MTNs interact specifically at the plasma membrane, as is consistent with the demonstrated localization of HopAF1 and with the observation that MTN1 and MTN2 may transiently localize to the plasma membrane via protein-protein interactions (60, 62) .
HopAF1 Inhibits PAMP-Induced Ethylene Production. Recognition of flg22 triggers the activation of a MAPK cascade that leads to an increase in ethylene biosynthesis (7) (8) (9) . The type III secretion system-deficient mutant Pto DC3000 hrcC triggers more ethylene biosynthesis than wild-type Pto DC3000 (Fig. S7A) , suggesting that one or more components of the T3E suite from Pto DC3000 can suppress ethylene accumulation.
We established a system in which we could both induce ethylene biosynthesis with PAMPs and determine the effect of HopAF1 on this induction. To induce PAMP-mediated ethylene production, we used a Pseudomonas fluorescens strain (Pfo-1) lacking known T3Es but engineered to carry a functional type III secretion system as a delivery vehicle for PAMPs and, if desired, specific T3Es (63). Pfo-1 triggered an increase in ethylene production in Arabidopsis leaves (Fig. S7B) . We transformed HopAF1 variants expressed from their native promoter into Pfo-1. All HopAF1 alleles were expressed equally (Fig. S7C) and were translocated as HopAF1-Δ79′AvrRpt2 fusion proteins into Arabidopsis RPS2 leaves (Fig. S7D) (64) .
Leaves infected with Pfo-1 expressing HopAF1 inhibited the PAMP-induced ethylene biosynthesis compared with leaves infected with Pfo-1 or Pfo-1 carrying an empty vector control (Fig.  3A) . Inhibition of ethylene production required the HopAF1 putative catalytic residue H186 (Fig. 3B) . Notably, the inhibition of PAMP-induced ethylene production was not dependent on HopAF1 localization in the plasma membrane (Fig. 3B) .
The Yang Cycle Is Required for PAMP-Induced Increase in Ethylene
Biosynthesis. We predicted that HopAF1 suppression of PAMPinduced ethylene production would be phenocopied in mutants of Yang cycle intermediates. As noted above, there are two MTN paralogs in Arabidopsis, and it is likely that they function redundantly in the Yang cycle (65) . MTN activity is required for maximal ethylene biosynthesis in tomatoes (66) . The enzyme downstream of MTN in the Yang cycle, MTK, is also required for maximal levels of ethylene biosynthesis (59) . We obtained Arabidopsis mtn1 and mtn2 mutants and generated the mtn1 mtn2 double mutant (65) . We demonstrated that high levels of ethylene were induced by Pfo-1 in either the mtn1 or mtn2 single mutants, consistent with these proteins functioning redundantly for Yang cycle-mediated PAMP-induced ethylene biosynthesis (Fig. 3C) . However, in both the mtk single mutant and the mtn1 mtn2 double mutant, Pfo-1 was unable to induce high levels of ethylene production, demonstrating that the Yang cycle is necessary for PAMP-induced ethylene production in this assay (Fig.  3D) . These results are consistent with our hypothesis that HopAF1 can inhibit PAMP-induced ethylene biosynthesis by modulating or inhibiting the functions of Arabidopsis MTN1 and MTN2.
HopAF1 Inhibits MTN1 Activity in Vitro in a Manner Dependent on Its
Putative Catalytic Residues. We used recombinant proteins purified from Escherichia coli to determine if HopAF1 can inhibit MTN1 function directly. We used circular dichroism to confirm that MTN1, 6xHis-HopAF1, and 6xHis-HopAF1 H186A are folded ( Fig. S8 A and B) . We demonstrated that HopAF1 inhibited the ability of MTN1 to cleave its substrate (Fig. S8C ) but HopAF1 H186A did not (Fig. S8D) . Furthermore, the proposed catalytic domain of HopAF1 (residues 130-284) was sufficient to inhibit MTN1 function (Fig. S8D) . The Δ147HopAF1 truncated protein was not able to inhibit MTN1 function, suggesting that an essential part of the HopAF1 structure exists between residues 130 and 147 (Fig. S8D) . These in vitro data suggest that HopAF1 inhibits PAMP-induced ethylene biosynthesis by directly inhibiting MTN1 activity.
Yang Cycle Mutants Are Impaired in Ethylene-Dependent Defense
Responses. To determine the role of the Yang cycle in PTI, we assayed the susceptibility of mtn1 mtn2 and mtk to Pto DC3000D28E (47) . As a control, we used an ethylene-insensitive protein 2 (ein2)-null mutant (67) . Ethylene-insensitive mutants allow enhanced growth of weak pathogens and are defective in flg22-mediated priming of the immune system (68, 69) . In planta bacterial growth analyses show that Yang cycle mutants are more susceptible to Pto DC3000D28E, similar to ein2 (Fig. 4) . Additionally, the enhanced growth of Pto DC3000D28E in mtn1 mtn2 plants was similar to levels of the same strain observed in transgenic plants expressing wild-type HopAF1 (Fig. 4) .
Mutation of Two Conserved MTN Asparagine Residues to Deamidation
Mimics Results in Loss of Function. We addressed whether the function of Arabidopsis MTNs could be perturbed by generating deamidation-mimicking mutations of conserved asparagine or glutamine residues. We found only three residues fully conserved across the evolutionary distance between plants and E. coli (70) that could be deamidase targets: MTN1 N113 , MTN1 N169 , and MTN1 N194 (Fig. S9A) . Because the crystal structures of Arabidopsis MTN1 and MTN2 have been solved, we determined where the putative deamidation target residues are in relation to the MTN ligand-binding site and catalytic residues (Fig. 5A ). MTN1 N113 is involved in ligand binding via coordination of a water molecule in the ligand-binding pocket (Fig. 5A) (71) . MTN1 N194 and MTN1 N169 are both surface exposed at the end of helices α4 and α3, respectively (Fig. 5A) . These conserved residues are located in approximately the same place in the MTN2 crystal structure (58) .
To determine the effect of deamidation-mimicking mutations, we cloned and purified from E. coli the individual MTN1 variants MTN1 N113D , MTN1 N169D , and MTN1 N194D and tested their activity in vitro (72) . For negative controls, we also cloned and purified MTN1 D225N and MTN2 D212N , which contain mutations in key catalytic residues (73) . Both residues N113 and N194 resulted in loss-of-function phenotypes in MTN1 when converted to an aspartic acid (Fig. 5B) . However, MTN1 N169D retained wildtype levels of activity (Fig. 5B) .
We then determined whether the loss-of-function phenotypes noted above were caused by mutations that mimic deamidation. We found that the MTN1 N194A and MTN1 N194V retained wildtype levels of activity in vitro (Fig. 5B) . This finding suggests that the additional negative charge at MTN1 N194 , as would occur during deamidation, causes a loss-of-function phenotype but that conservative replacement at MTN1 N194 does not alter activity. Conversely, MTN1 N113A and MTN1 N113V resulted in loss of function in vitro (Fig. 5B) , suggesting that MTN1 N113 is sensitive to multiple mutations. Such sensitivity is consistent with the idea that MTN1 N113 is involved in ligand binding and therefore is a critical residue. We also generated the same set of variants for Arabidopsis MTN2 and determined that they function similarly to the MTN1 variants (Fig. 5C) .
We generated Arabidopsis complementation lines using ubiquitin promoter (UBQ)-driven constructs of wild-type MTN1, MTN1 N194D , MTN N194V , MTN1 N113D , MTN1 N113V , and MTN1 D225N transformed into the mtn1 mtn2 double mutant in the Col-0 background. The mtn1 mtn2 double mutant is viable but fails to set seed (65) . This sterility phenotype is unlikely to result from a defect in the Yang cycle, because mtk is not sterile. However, we did use this output as a tool to determine whether our complementation lines contain a functional copy of MTN1. It was previously demonstrated that UBQ promoter-driven MTN1 can complement the mtn1 mtn2 reproductive and morphological defects (74) . We generated T1 complementation lines and compared their developmental phenotypes with those of Col-0 and mtn1 mtn2 plants (Fig. 5D) . Wild-type MTN1 and MTN1 N194V complemented the loss-of-seed-set phenotype, but the deamidation mimic MTN1 N194D did not (Fig. 5D) . Interestingly, the MTN1 N113V complementation resulted in a range of phenotypes (Fig. S9B) . Our control enzymatic loss-of-function complementation line MTN1 D225N also remained sterile, similar to the mtn1 mtn2 double mutant (Fig. 5D ).
Discussion
Many plant bacterial pathogens use T3Es as virulence determinants. The type III secretion system is essential to the ability of these plant pathogens to cause disease in their hosts. However, many of the molecular mechanisms of type III effectors in virulence remain unknown. Understanding which host cellular systems T3Es target and how T3Es disrupt those systems will provide critical clues about the host cell physiology and defense machinery.
Here, we demonstrate a function for the P. syringae T3E HopAF1 and identify the Yang cycle as a previously unidentified component of the plant defense response. The presence of HopAF1 in multiple In all experiments, the fresh weight of four leaves was measured 3 h post infiltration, and these leaves were sealed in a vial for 24 h before ethylene accumulation was measured. Letters represent treatments with significant difference according to the post hoc ANOVA Tukey's test (P < 0.05).
strains of P. syringae and other plant pathogens suggests an important role in virulence. We propose a model (Fig. S10) wherein HopAF1 inhibits the host's Yang cycle proteins MTN1 and MTN2, leading to diminution of ethylene production and thereby contributing to suppression of PTI. We also demonstrate that MTN1, MTN2, and MTK are key components of the ethylene biosynthesis pathway when the plant immune system is activated.
HopAF1 is targeted to the plant plasma membrane, likely via acylation (Fig. 2) . However, AvrXv3 does not contain the N-terminal acylation consensus sequences and consequently is found in the cytoplasm (Fig. 2 and Fig. S2C ). This localization in the cytoplasm indicates that the plasma membrane localization of HopAF1 is not required for the function of this T3E family, because it is not evolutionarily maintained. This conclusion is consistent with our finding that HopAF1 interacts with the Yang cycle proteins MTN1 and MTN2. A specific localization of the Yang cycle has not been clearly delineated and, interestingly, we found MTN1 and MTN2 localized to both the plasma membrane and the cytoplasm (Fig. S6  B and C) . This observation is consistent with published results showing that MTN1 can be found in both the cytoplasm and the plasma membrane, where it may interact with the calcineurin B-like protein CBL3 (60) . We speculate that there are pools of Arabidopsis MTNs that cycle between the plasma membrane and cytoplasm and, therefore, there also are specific interactions between Arabidopsis MTNs and plasma membrane proteins. It is possible that HopAF1 has additional targets at the plasma membrane or that its ability to sequester MTNs to the plasma membrane inhibits a yet-to-be-discovered aspect of the Yang cycle.
A role for the Yang cycle in PTI responses is thus far undocumented. The Yang cycle kinase MTK was demonstrated to be required for the accumulation of high levels of ethylene by crossing mtk with an ethylene-overproducing mutant, eto3 (59). This observation suggested that the Yang cycle is required for high levels of ethylene biosynthesis, such as occur during PTI. However, subsequent studies have suggested that the MTN proteins are not required for ethylene biosynthesis (65) . Critically, these studies did not address ethylene accumulation in the double mtn1 mtn2 mutant, nor did they attempt to induce high levels of ethylene accumulation (65) . We postulated that the function of HopAF1 is to alter the function of MTN1 and MTN2, resulting in disruption of the Yang cycle and downstream PAMP-induced ethylene biosynthesis, and our data support this contention. We conclude that the Yang cycle is not required for steady-state levels of ethylene biosynthesis. However, our results show that MTN1 and MTN2 together, or MTK alone, are required for high levels of PAMP-induced ethylene biosynthesis The ligand analog (MTT) is shown in green. The ligand-binding and catalytic residues from MTN1 are represented as blue sticks. The putative conserved targets of deamidation are labeled and are shown as red sticks. Images were generated using PyMOL. (B) MTN1 enzyme-specific activity measured in vitro using a xanthine oxidase-coupled spectrometric assay. The MTN1 catalytic dead mutant is MTN1 D225N . (C) MTN2 enzyme-specific activity measured in vitro using a xanthine-oxidase coupled spectrometric assay. The MTN2 catalytic dead mutant is MTN2 D212N . Letters represent treatments with significant difference according to the post hoc ANOVA Tukey's test (P < 0.05). (D) Arabidopsis complementation lines in the mtn1 mtn2 background that express UBQ:MTN variants at the T1 stage. UBQ:MTN1 N194D , UBQ:MTN1 N113D , and MTN1 D225N complementation lines in the mtn1 mtn2 background were not able complement the mtn1 mtn2 sterile and stunted growth phenotype, suggesting that these MTN1 deamidation-mimic variants were nonfunctional. and that HopAF1 inhibits ethylene biosynthesis by interacting with and targeting MTN1 and MTN2.
The role of ethylene in the plant defense response is well documented but is complicated because of the multiple, and sometimes conflicting, roles that ethylene might play in plant immune responses. For example, contradictory results from pathology assays might result from differences in the bacterial strains used and infection methods. Ethylene plays a role in defense against necrotrophs by antagonizing salicylic acid responses, which are involved in defense against biotrophs (75) . Ethylene also is required for symptom development during infection with virulent and avirulent pathogens (76) . Ethylene signaling also plays a role in PTI. Ethylene signaling directly controls FLS2 expression by inducing the activation of the EIN3/EIL family of transcription factors, which directly bind the FLS2 promoter (68) . This binding leads to an increase in FLS2 protein accumulation (68, 69) . Mutants deficient in ethylene signaling pathways, such as ein2, have reduced FLS2 transcript levels with or without flg22 treatment (68) , likely contributing to the susceptibility of ein2 mutants to weakened plant pathogens such as Pto DC3000 ΔavrPto/ΔavrPtoB (69). Furthermore, in tomatoes, XopD desumoylates and represses an ethylene-responsive transcription factor and suppresses ethylene accumulation (33) . Ethylene also is required for the immune response against X. campestris pv. euvesicatoria (33) . Thus, our findings with HopAF1 are consistent with emerging data suggesting that bacterial pathogens target various aspects of ethylene biology to manipulate their plant hosts (77) .
HopAF1 is a member of the family of bacterial toxins/effectors that are able to deamidate specific substrates (Fig. 1) . The C-terminal region of HopAF1 contains a fold that is homologous to bacterial deamidase proteins and contains the invariant catalytic residues C159 and H186A in the catalytic pocket. HopAF1 expression can block PTI ( Fig. 1 B and C) and inhibit PAMPinduced ethylene biosynthesis that is dependent on an intact HopAF1 catalytic site (Fig. 3) .
Although these data clearly demonstrate a genetic requirement of the predicted HopAF1 catalytic residues, we have been unable to demonstrate that HopAF1 deamidates Arabidopsis MTNs at the protein level or covalently modifies these host targets in any other way. We purified FLAG-tagged MTN1 coexpressed with HopAF1 from N. benthamiana. We obtained 100% peptide coverage of MTN1 following analysis of SDS/ PAGE gel-excised tryptic fragments by LC-MS/MS but found no conclusive evidence for any modified peptides to support covalent modification by HopAF1. We noticed that transiently expressed MTN1-FLAG protein accumulated at lower levels when coexpressed with HopAF1 than with HopAF1 H186A , suggesting that MTN1 is potentially destabilized by HopAF1. However, this destabilization was not readily reversed by the addition of proteasome inhibitors coinoculated during the transient expression experiments. Additionally, we never observed cleavage products of MTN1 in the presence of HopAF1.
There are no known sequence/structural features to distinguish deamidases explicitly from other members of the papainlike superfamily (39), so we cannot preclude the possibility that HopAF1 is not a deamidase. However, CheD, a deamidase, accounts for five of the top 15 Meta server structural homology hits, and no other protein appears more than once. Additionally, although bacterial effectors/toxins that are deamidases have specific substrates, HopAF1 may deamidate a substrate in addition to Arabidopsis MTNs. Additional studies may reveal additional targets of HopAF1 deamidation.
In lieu of specific evidence that HopAF1 deamidates Arabidopsis MTNs, we generated Arabidopsis MTN deamidation-mimic variants at consensus conserved sites. Our results demonstrated that both MTN1 N113D and MTN1 N194D , as well as the analogous mutations in MTN2, result in the loss of MTN activity in vitro and the inability to complement the mtn1 mtn2 mutant phenotype in planta. Therefore, these residues are plausible targets of HopAF1 action (Fig. 5) .
Multiple P. syringae T3Es target PTI signaling pathways using diverse biochemical mechanisms. In this study, we provide strong evidence for a molecular function of the common P. syringae T3E HopAF1. Additionally, we describe a new component of the plant innate immune system, the Yang cycle. We predict that effectors of the HopAF1 family target the Yang cycle proteins MTN1 and MTN2 (possibly by deamidation) to dampen ethylene production during bacterial infection. Future studies will be required to characterize the precise biochemical activity of HopAF1 in antagonizing MTN function.
Materials and Methods
Plant Lines and Growth Conditions. We used wild-type A. thaliana ecotype Columbia (Col-0). All mutants we used were in the Col-0 background. To generate the transgenic estradiol-inducible HopAF1-cerulean-HA and HopAF1 C159AH186A -cerulean-HA lines, the HopAF1 coding sequences were cloned into the pMDC7-cerulean-HA Gateway-compatible vector (78) and transformed into Agrobacterium GV3101. Arabidopsis transgenics were generated using Agrobacterium-mediated floral dip transformation (79) . Hygromycin selection of transgenic plants was performed by growing seedlings on plates with 1/2 Murashige and Skoog medium with 15 μM hygromycin in the dark for 3 d and then in light conditions for 10 d. mtn1-1 (65), mtn1-2 (65), mtn2-1 (65), mtn2-2 (65), mtn1-1 mtn2-1 (65), mtk (80), and ein2-5 (67) strains were previously described. Except where otherwise noted, plants were grown under controlled short-day conditions (9 h light, 21°C, 15 h dark, 18°C). Tomato cultivars Fla 216 and Florida Fla 7060 have been described elsewhere (36) .
Statistical Analysis. Histograms in all experiments, unless otherwise noted, were analyzed with ANOVA performed among all the samples, followed by Tukey's post hoc analysis (P < 0.05). Groups that differ significantly are indicated by different letters in the figures. Error bars represent SE.
Immunoblot Analysis of Plant Proteins. Unless otherwise noted, total proteins were extracted by grinding either fresh tissue or tissue flash-frozen in liquid nitrogen in a buffer containing 50 mM Tris·HCl (pH 8.0), 1% SDS, 1 mM EDTA, 14 mM β-mercaptoethanol, and 1 cOmplete protease inhibitor tablet (Roche) per 50 mL buffer. Samples were incubated on ice for 20 min; then the cell debris was pelleted by centrifuging the samples for 15 min at 20,800 × g at 4°C. The supernatant was separated and quantified using the Bradford reagent. Protein was separated on 12% SDS/PAGE gels and transferred to a nitrocellulose membrane. Immunoblots were performed using standard methods. Anti-HA antibody (Santa Cruz Biotechnology) was used at a 1:5,000 dilution, anti-APX (Agrisera) was used at a 1:5,000 dilution, and anti-H + -ATPase (Agrisera) was used at a 1:1,000 dilution. Anti-myc monoclonal antibody (Tissue Culture Facility, University of North Carolina) was used at a 1:5 dilution (81).
Homology Modeling. We initially detected the homology with the C-terminal domain of HopAF1 and CheD by querying the BioInfoBank Institute's Meta server and the HHPred structural prediction programs (41, 42) . The 3D model for the HopAF1 C terminus structure based on the T. maritima CheD [Protein Data Bank (PDB) ID code 2F9Z] structure was generated with MODELER (82) . The validity of the HopAF1 structural model was assessed using Verify3D (83) . Graphical images and structural alignments were produced with PyMOL (84).
Pto DC3000D28E Growth Curve Assay. Leaves of 5-wk-old plants were handinoculated with 1 × 10 5 cfu/mL of Pto DC3000D28E (47) Agrobacterium-Mediated Transient Transformations in N. benthamiana. Two microliters of overnight cultures were centrifuged at 10,000 × g for 1 min at room temperature. Cultures were resuspended in induction medium containing 10 mM MgCl 2 and 10 mM Mes (pH 5.5). Cultures were recentrifuged and then resuspended in induction medium plus 100 μM acetosyringone and were agitated at room temperature for 1 h. Cultures were diluted to the appropriate concentrations for each experiment and hand-infiltrated into fully expanded N. benthamiana leaves.
Coimmunoprecipitation. For coimmunoprecipitation experiments we generated 35S::MTN1-HA, 35S::MTN2-HA, 35S::HopAF1-myc, and 35S::HopAF1 H186A -myc using the Gateway constructs pGWB14 (C-terminal 3x-HA tag) and pGWB17 (C-terminal 4x-myc tag). Constructs were infiltrated at concentrations of 0.2 OD each with 0.1 OD P19 (85) . Samples were collected and flash-frozen in liquid nitrogen. Protein was ground in lysis buffer [20 mM Tris·HCl (pH 8.0), 1 mM EDTA (pH 8.0), 150 mM NaCl, Roche cOmplete protease inhibitors] and centrifuged for 15 min at 6,000 × g in 4°C. The supernatant was diluted to a concentration of 2 mg/mL. Anti-myc beads (50 μL) were added to the protein sample and incubated at 4°C for 4 h with gentle agitation. The bound protein complexes were washed in extraction buffer [20 mM Tris·HCl (pH 8.0), 1 mM EDTA, 300 mM NaCl] and eluted in prewarmed 6x SDS/PAGE loading buffer. The input and bound proteins were analyzed by SDS/PAGE and immunoblot analysis.
Subcellular Localization. HopAF1, HopAF1 H186A , HopAF1 G2AC4S , AvrXv3, and AvrXv3 H126A coding sequences were cloned into the Gateway-compatible pMDC7-cerulean-HA vector (78) and transferred into Agrobacterium strain C58C1 by triparental mating. Agrobacterium-mediated transformations in N. benthamiana leaves were performed as described above. Agrobacterium strains expressing HopAF1, HopAF1 H186A , HopAF1 G2AC4S , AvrXv3, or AvrXv3 H126A were inoculated at an OD of 0.01 in combination with the PLC2 plasma membrane marker at 0.1 OD. Three days postinfiltration, leaves were sprayed with 5 μM estradiol. After 3 h, the subcellular localization of the proteins was observed using a Zeiss LSM 710 confocal scanning laser microscope. The plasma membrane marker PLC2-YFP was generated by cloning the PLC2 ORF from Col-0 cDNA into the pGWB41 Gateway vector.
Bimolecular Fluorescence Complementation. HopAF1 and MTN1 coding sequences were cloned into BiFC constructs that contain a UBQ promoter (86) . HopAF1-nYFP, HopAF1 H186A -nYFP, or HopAF1 G2AC4S -nYFP was transiently coexpressed with MTN1-cYFP, MTN2-cYFP, or PLC2-cYFP in N. benthamiana leaves using Agrobacterium-mediated transient transformation. Strains expressing HopAF1, MTN1, MTN2, or PLC2 were inoculated at 0.4 OD with 0.1 OD of P19 (85) . Confocal microscopy was used to image the reconstituted YFP signal 3 d after infiltration.
MTN Activity Assays. MTN activity assays were performed as previously described (72) . Briefly, reactions were carried out in 50 mM imidazole (pH 8.0), 0.28 units of grade III buttermilk xanthine oxidase, 1 mM 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium chloride, and 0.12 μg recombinant MTN1. The reaction was monitored at 470 nm on a Tecan GENios microplate reader (Tecan, Ltd.) for 15 min with 1-min increments. Changes in absorbance were converted to the amount of adenine released using the molar absorption coefficient (15,400 M/cm at pH 8.0). To generate the Michaelis-Menten plot, the experiment was completed with a range of MTA concentrations [0-150 μM 5′-methylthioadenosine (MTA)]. Specific activity assays were completed with 50 μM MTA. All enzyme reactions had a final volume at 800 μL and were performed in triplicate at 25°C. All reagents for the kinetic assay were purchased from Sigma-Aldrich Chemicals.
Ethylene Measurements. Leaves of adult (4-to 5-wk-old) plants were vacuuminfiltrated with Pfo-1 strains measured at OD 0.04 in 10 mM MgCl 2 . After 3 h, the fresh weight of the seedlings was measured. Seedlings were sealed into gas chromatography vials, and ethylene was allowed to accumulate for 24 h. Ethylene accumulation was measured using a Clarus 500 gas chromatograph (PerkinElmer). A pure ethylene gas control was used in each experiment. Each data point represents three or four replicates.
